In the recent past, mobile robots played an important role in the field of extraterrestrial surface exploration. Unfortunately, the currently available space exploration rovers do not provide the necessary mobility to reach scientifically interesting places in rough and steep terrain like boulder fields and craters. Multi-legged robots have proven to be a good solution to provide high mobility in unstructured environments. However, space missions place high demands on the system design, control, and performance which are hard to fulfill with such kinematically complex systems. My dissertation focuses on the development, control, and evaluation of a six-legged robot for the purpose of lunar crater exploration considering the requirements arising from the envisaged mission scenario. The performance of the developed system is evaluated and optimized based on empirical data acquired in significant and reproducible experiments performed in a laboratory environment in order to show the capability of the system to perform such a task and to provide a basis for the comparability with other mobile robotic solutions.
Introduction
So far, all mobile robots used in extraterrestrial surface exploration missions were wheel-driven systems. However, even if such a system is equipped with a sophisticated suspension system, the capability to surmount obstacles and to conquer steep inclinations is limited. Also driving on fine-grained soil can become a problem for these kinds of systems. Multi-legged walking systems, in contrast, are equipped with a highly flexible locomotor system. Along with appropriate control strategies, it should offer them the capability to securely maneuver in rough and steep environments. Major counter arguments for legged systems are the higher complexity regarding the mechanical design and control as well as the comparatively high power consumption and low payload capacity. Thus, the challenge lies in minimizing these drawbacks and in exploiting the potentials of such systems in order to reach a state of development which allows to consider legged robots for extraterrestrial surface exploration missions.
The goal of my thesis [1] was the development of an energy-efficient and adaptive multi-legged free-climbing robot which provides mobility in unstructured environments with steep slopes covered with fine grained-soil. The long-term vision is to offer a system for the purpose of extraterrestrial surface exploration missions paying special attention to mobility in lunar craters in order to retrieve or analyze scientific samples from the interior of these craters.
Based on experiences gained in former projects [7, 8] and considering the requirements arising from the intended mission scenario [9] , the six-legged robot SpaceClimber (see Fig. 1 ) had to be specified, designed, and manufactured. Special attention had to be paid to the selection of components and the design of the overall system with attention to a feasible space-qualification in the future.
Furthermore, a biologically inspired locomotion control approach allowing to exploit all benefits of the flexible locomotor system had to be developed and implemented. By making use of built-in sensors, it should enable the S. Bartsch (&) DFKI Robotics Innovation Center, Robert-Hooke-Str. 5, 28359 Bremen, Germany e-mail: sebastian.bartsch@dfki.de robot to adapt its posture and locomotion pattern to the surface conditions and thereby move semi-autonomously in a robust way. At the same time, it should keep the required calculation costs as low as possible to be able to execute the overall control on computational hardware available for space applications.
Finally, SpaceClimber had to prove that walking robotic systems indeed present a solution for future missions on difficult terrain, in particular missions in craters or rock fissures. Therefore, the system had to be evaluated and optimized through experiments performed in relevant terrain with special attention to the stability and energy efficiency of the robot.
System Design
At the beginning of the design procedure, SpaceClimber's morphology had to be defined. The only defined precondition was that the system should have six legs. This is a good compromise regarding stability [5] , redundancy, weight, and energy consumption. To determine the length of the leg segments, the size of the body, and the positions of the mounting points, a simulation-based optimization and design procedure utilizing evolutionary computation was developed [6] . In this way, it was possible to generate and evaluate a great variety of possible morphologies in a short period of time prior to the design, construction, and manufacturing phase.
Based on the defined requirements resulting from the envisaged mission scenario, experiences gained from the work with formerly developed walking robots, and the results of the morphology determination process, the hardware for the system was designed, constructed, assembled, and integrated. Each leg of the SpaceClimber robot is equipped with four actuators. Thus, the robot's legs comprise 24 actuator modules, which is why these can be considered as the core components of the system. All actuators are built identically in order to simplify space qualification procedures in further steps. The selection of parts as well as the mechanical construction were made with the requirement to use elements that are space qualified, theoretically space qualifiable, or replaceable by space-qualified components. As drives, brushless DC motor modules in combination with HarmonicDrive gears were chosen, because these parts have already been successfully space qualified [4] . A hollow shaft leading through the main axis of the actuator permits to route the whole wiring harness for power supply and communication within the structure of the leg, resulting in a better shielding of all cables.
Since the feet are the only parts of the system which directly interact with the environment, they are very important components for the robot's walking and climbing capabilities. Each foot has a spherical outer shape consisting of polyurethane cast around a sensor board and its supporting structure. It can withstand hard surfaces, collisions with obstacles, provides an increasing contact area when sinking into soil, and the same contact area at different angles of attack. The sensor board is equipped with four pressure sensors to measure ground contact at different locations and a three axis accelerometer to detect slippage and collisions.
To create autonomous, fully functional devices, all control and power electronics are integrated within the actuators and feet (nodes). The integrated electronics is responsible for power conversion, sensor data acquisition, control, and communication with other nodes and the central control unit (CCU). As processing units, Xilinx Spartan 3 FPGAs, replaceable by space-qualified FPGA modules, are used. The integration of all necessary logic to operate a node within the module itself allows to implement a decentralized control strategy to reduce the calculation costs for the system's CCU. This is important concerning the limited calculation power of available processors for space applications.
The CCU also utilizes a Xilinx Spartan 3E FPGA mounted on a custom-designed base board which provides the necessary interfaces to connect all peripheral equipment. A MicroBlaze soft processor running at 51.96 Mhz (%62 DMIPS) and IP-cores to handle the communication with peripherals like nodes are synthesized onto the FPGA. The IP-cores are connected to the processor via the on-chip peripheral bus. To communicate with peripheral devices, the processes running on the MicroBlaze just have to access software-accessible registers which are allocated to Fig. 1 Photo of the fully functional SpaceClimber robot in the artificial DFKI RIC moon crater environment the corresponding modules. The processor is never interrupted while all modules handle the communication in parallel which saves calculation time for locomotion control algorithms.
The housing of all elements of the final prototype are constructed as dust-proof compartments to withstand the harsh environmental conditions on the lunar surface. For reasons of transportation the system is constructed lightweight (25 kg) and has a small stowing volume of 0.133 m 3 .
Control
The long-term goal regarding the control of robotic systems with a flexible locomotor system and extensive sensory equipment such as implemented in the SpaceClimber is the realization of the homeostatic control concept proposed in [2] . The work presented in my thesis mainly focuses on the implementation and adjustment of the lowlevel control of the subsystems, the reactive locomotion control layer, and the preparation of appropriate interfaces for the deliberative control layer. Figure 2 shows a diagram depicting the general control concept. The low-level control is responsible for controlling the whole peripheral of the robot. To generate smooth and synchronized motions, all joints have to be controlled simultaneously, which implies reliable and fast communication between all the subsystems and the CCU. In addition, a real-time control is essential to enable fast reactions to disturbances and irregularities. A decentralized control approach where each component provides its own local intelligence satisfies these demands.
However, a central controller which has an overview of the whole system has to coordinate and command all the subsystems to realize a synchronized locomotion behavior. Therefore, a behavior-based reactive locomotion control approach is used, which is able to generate suitable motions of the robot's locomotor system to keep it stable while moving the body with a defined speed into a given direction. A set of parametrized behaviors, comprising central pattern generators, postural behaviors, and reflexes, continuously instructs the actuators to perform appropriate motions and analyzes the incoming sensor data to react on disturbances indicated by unexpected deviations from the expected sensor values. Such a reactive, adaptive locomotion control can just be realized if the behaviors are executed with a high frequency to enable fast response times. Thus, on this layer no time intensive model-based planning can be performed. Nevertheless, the reactive locomotion control enables the system to autonomously adapt the rhythmic walking pattern and pose according to the perceived surface conditions (e.g. inclination) and state of the system (e.g. ground contact of the feet) in order to achieve highest possible mobility at least effort in terms of energy, wear, and calculation costs.
Experiments
To be able to evaluate and optimize the performance of the system as well as the control concept in an environment similar to the one of the application scenario and to perform repeatable experiments, the DFKI Robotics Innovation Center Space Exploration Hall [3] was used. Different postures as well as locomotion patterns were evaluated regarding their stability and energy efficiency in varying inclines up to AE35 on a variable slope covered with a rigid and a fine-grained soil surface. In order to determine the maximum payload the system can carry without impeding its mobility, the experiments were also performed with different weight plates attached to the system's body. For performance evaluation and comparison, well established performance metrics for energy efficiency, stability, and slip were calculated based on the data generated with appropriate experiments. Based on the results of these experiments, optimal parameters for the reactive locomotion behaviors for varying inclinations and surfaces were identified.
Conclusion and Outlook
Considering the defined requirements arising from an envisaged mission scenario to explore the interior of a lunar crater, the mechatronical system was specified, designed, constructed, and assembled. Modularity and standardization as well as the selection of the used components played an important role regarding the requirement that the system should in principle be space-qualifiable by minor revisions. In this context, the control system was realized as a distributed network consisting of subsystems, each equipped with an FPGA to provide local ''intelligence''. The control software which enables the system to maneuver semi-autonomously in unstructured environments and steep inclinations covered with fine-grained soil is implemented featuring low calculation costs due to the use of a biologically inspired, behavior-based reactive locomotion control approach. It was shown that a sufficient control of such a kinematically complex system can be achieved by a relatively simple control architecture without the need of high calculation power. Appropriate behavior parameters have been identified to enable locomotion in inclinations of up to AE35 on a rigid surface and on finegrained soil. It could be demonstrated that the the payload capacity of the system is between 10.7 and 15.7 kg in slopes of up to À30 and even higher (at least 20.7 kg) on flat surface. The measured performance of the system provides a basis for a quantitative comparison with other mobile robots.
SpaceClimber is a robust and stable system which can be used as platform in further scientific research work in varying robotics-related fields. The system is equipped with comprehensive motoric and sensory equipment providing a highly flexible locomotor system with extensive perception possibilities. The resulting capabilities of the system have not been fully exploited yet. There are possibilities to focus on the optimization of the locomotion control and on higher control levels such as navigation and planning.
